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BoMBARIlMENT ICHRUSTER INVFSTIGATIONS AT THE LENIS RESEARCH CEXFIXR 

Edward A. Richley" and W i l l i a m  R. Kerslake" 
Lewis Research Center 

National Aeronautics and Space Administration 
Cleveland , Ohio 

The current s ta tus  of various research pro- 
grams on mercury electron-bombardment thrusters i s  
reviewed. Future thruster ,requirements as pre- 
dicted from mission analysis are b r i e f ly  discussed 
t o  establish the relationship with present pro- 
grams. Thrusters ranging i n  size from 5 t o  150 cm 
diameter are described. These thrusters have 
possible near t o  far term applications extending 
from station keeping t o  primary propulsion, respec- 
tively. 
power-to-thruSt r a t i o  of 220 kW/lb; the 15 cm diam- 
eter  SERT I1 thruster; and, a 30 cm thruster de- 
signed t o  produce a 1.5 ampere beam at 2,700 sec 
sp6cific impulse. 
components are reported i n  the context of the vari- 
ous thruster programs. These include glass-coated, 
single acceleratdr grids that have a c c m a t e d  more 
than 500 hr operating time; higbcurrent ho l lm  
cathodes of 10 amperes emission; and, a minim-B 
discharge chamber. 

Included is  a 5 cm thruster having a 

Research ac t iv i t i e s  on thruster 

Introduction 

It is generally recognized among members of 
the electr ic  propulsion c o m i t y  that, with a few 
exceptions, i n i t i a l  applications of e lectr ic  pro- 
pulsion probably w i l l  be with systems powered from 
photovoltaic solar cells. Specific masses of pres- 
ent day solar c e l l  systems indicate tha t  electro- 
s t a t i c  thrusters w i l l  be required t o  operate at  
specific impulses below 5,000 sec i n  order t o  mini- 
mize overall propulsion system specific mass, 
estimated t o  range from 30 t o  50 kG/kW. 
t ions of the potential needs for thrusters capable 
of high performance a t  reduced specific Smpulse can 
be seen from the values given i n  table  I. 
are several rospective missions based on 
studies(1-18 i n  which mercury-electron bombardment 
thrusters were assumed. 
complete but> is only intended t o  be representative 
of trends i n  mission studies reported i n  the past 
year or so. The table shows the requirements fo r  
thruster operation a t  l e s s  than 5,000 sec. 
of inherent losses, or ion production costs, the 

Indica- 

Listed 

The compilation is  not 

Because 

a efficiency of a bombardment thruster decreases 
sharply with specific impulse i n  t h i s  region. 
Thus, continued research is required t o  ensure 
optimum performance. 

The present mercury electron-bombardment 
thruster research investigations described herein 
arose from considerations such as those mentioned 
above. ' Discussed first is  the 15 cm SERT I1 
thruster. men the 30, 5, and 150 cm thruster 
programs w i l l  be described. Highlights of research 
act ivi t ies  on glass-coated accelerators, hollow 
cathodes, and other thruster components are de- 
scribed i n  the context of these programs. 
performance projections of each of the thrusters 
are sunyarized. 

Finally, - 
Head, Propulsion 

*Head, Propulsion 
Components Section. 
Systems Section. 

SEFT I1 Thruster 

Mission Description 

The mission purpose is the demonstration of 
long l i fe .  (6  months) space operation of a mercury 
electron-bombardment ion thruster. The thruster 
w i l l  operate from a space power system (solar c e l l  
array) coupled t o  the thruster by an efficient,  
"state of the art" power conditioning unit. 
SERF II f l i gh t  is scheduled t o  be launched i n  1969 
by a ThoradIAgena booster into an i n i t i a l  1000- 
kilometer circular polar orbit. 
craf t  (Fig. 1) is basically the she l l  of the second 
stage Agena on which are mounted two thrusters 
(nominally 6 mlb thrust  each) and a 1.5-kW solar 
c e l l  array. 
which must always face the sun, w i l l  be maintained 
by the gravity gradient of the Agena she l l  and con- 
t r o l  moment gyros. 

The 

I .  

The final space- 

Attitude control of the solar cells,  

Once i n  orbit, one of the two electr ic  thrus- 
ters w i l l  be turned on (the o ther  is a redundant 
system) and the orbi t  a l t i tude w i l l  be gradually 
changed by the thruster. 
measure of thrust. 
obtain an additional thrust  measurement. 
value of thrust  w i l l  be calculated from measure- 
ments of ion beam current and voltage. The thrust  
measurement i s  important not only t o  evaluate the 
thruster efficiency, but a lso t o  demonstrate the 
capability of accurate thrust  determination, a re- 
quirement for  fbture mission trajectory control. 
Other space experiments t o  be performed during the 
mission are: 
beam potentials; measurement of the surface con- 
tamination of t e s t  sample solar ce l l s  located near 
the' thruster;  measurement of radio frequency inter-  
ference noise produced i n  the ion beam; and measure- 
ment of the surface degradation of a test specimen 
via the changes in  optical  characteristics. 

The orbit, change i s  one 

A t h i rd  
An accelerometeB may be used t o  

measurement of space plasma and ion 

Thruster Description 

The nominal 1 kW thruster system consists of a 
mercury electron-bombardment thruster with a 15 cm 
diameter discharge chamber , a mercury plasma-bridge 
neutralizer, and a pressurized mercury propellant 
tank. The thruster produces a 0.25-A beam of 
mercury ions accelerated through a net voltage of 
3000 V. This i s  equivalent t o  a thrust  of 6.2 mlb 
(= 27.6 mN). A br ief  description of the thruster 
operation, which is  typical for  a l l  the L e w i s  bom- 
bardment thrusters, can be followed with the help 
of Fig. 2. This figure i s  a cross-section through 
the discharge chamber. Liquid mercury propellant 
is vaporized, passed through an electr ical  isolator, 
and enters a distributor manifoa. About 20 percent 
of the main f l o w  passes through the hollow cathode, 
and the keeper electrode. This i n i t i a l  discharge 
supplies about 2 amperes of electrons t o  the main 
discharge chamber. 
i s  uniformly injected into the discharge chamber 
through the distributor holes. 
nent magnetic f i e ld  i n  the discharge chamber helps 

Eighty percent of the main flow 

A divergent, perma- 
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t r ap  electrons i n  the ;ischarge and enhance the 
ionization process. 
of t h i s  magnetic field(13), is sham i n  Fig. 3. 
The baff le  enhances the ionization process by 
confxolling the f l o w  of electrons beween the hol- 
low cathode a d  the anode. Some ions produced i n  
the d i s c b g e  'chdber &if% t o  the screen and 
accelerator grids where  an applied e lec t r ic  f i e l d  
causes them t o  accelerate t h royh  concentric holes. 
This beam of/ positive ions is ne-atraliFed down- 
stream of the grids by electrons injected in%o the 
beam by the  plasma-bridge neutralizer. 
t r a l i ze r  cathode is  identical t o  the hollow cathode 
of' the main discharge, but requires only me-fourth 
as  much mercury flow. 
is surrounded by a ground screeq which prevents 
s h c e  plasma electrons from being drawn in to  the 
high positive voltage of the thruster  surface. 
more complete description of the thruster  system 
is found i n  Ref. 3, and of the discharge chamber 
charqcteristics i n  Ref. 14 and of the plasma- 
bridge neutralizer i n  Refs. 15 and 16. 

An iron f i l i n g  representation 

The neu- 

The ent i re  thruster  system 

A 

. .  
Ground Test Results 

Extensive ground tes t ing  of the SEKC II type 
thruster has been done in  vacuum tanks. This test- 
ing has been necessary t o  establish the r e l i ab i l i t y  
a d  performance of the thruster components. Those 
that are  mas$ subject t o  erosion are the main 
cathode, the neutralizer cathode and the  accelera- 
t o r  grid. 
complete thruster  systems began i n  March, 1967 and 
are s t i l l  continuing. 
endurance t e s t s  up t o  2000 h r  and the neutralizer 
cathode up t o  3,400 hr. 
of the cathode t i p  area, where the major sputtering 
erosion occurs, is  at  least 10,000 br. 
erator grid and its,mounting insulators have been 
tested for  perioas of 3,000 and 3,100 l?r and have a 
projected lifetime of 10,000 hr fo r  most areas of 
the grid. 
the  edge of the accelerator, close t o  the neutrali- 
zer, that has more erosion. This increased erosion 
is  caused by plasma-bridge neutralizer ions fa l l ing  
into the negatively biased accelerator grid. 
overcome t h i s  problem, grid thickness has been in- 
creased in t h i s  region. 

Endurance t e s t s  of these components i n  

The main cathode has had 

The projected lifetime 

The accel- 

There is, however, one narrow region a t  

To 

A f u l l y  loaded and operational thruster  system 
has successffiily passed vibration tes t ing  in 3 axes 
and random vibration equivalent t o  booster launch 
vibration. A thruster system has been assembled on 
a spacecraft framework and operated in  a vacum 
tank together with many of the various pieces of 
"housekeeping" apparatus and auxiliary SERT I1 
experiments. 

The performance of the thruster has been opti- 
mized *om many component t e s t s  of the accelerator 
configurations and the discharge chamber magnetic 
f i e ld  shapes 17) j hollow cathode and baf f le  con- 
figurations and positions(14) j and plasma-bridge 
neutralizers(l6). A 1000-IV endurance test of a 
prototype thruster system (shown prior t o  tes t ing  
in  Fig. 4) was completed a t  the time of t h i s  
writing (March, 1968). 
attended with a breadboard power conditioning unit. 
The t e s t  was without major incident and measure- 
ments of cathode and acc&.Zera$or grid erosion con- 
firmed peevious projected li?&imes. The perform- 
ance of the thhmter  is summesized i n  table  11, 
which contains average values Over the 1000-hr 
period. 

This test was run un- 

' 30 CM Thruster 

Several of the missions given i n  table  I would 
require 10 or more SERl I1 s ize  thruster modules. 
A smaller nmber of larger s ize  modules would be 
preferable. 
quire only four 2.5 kwthrusters plus, perhaps, one 
standby as  compared t o  LO or  11 SERT II thrusters  
of .the 1 kW level. Lower specific impulses are 
also of interest. On t h i s  basis, a 30 cm program 
was in i t ia ted  in  which the SERT P I  t bms te r  was 
scaled up i n  power level  and down in  net voltage 
(Le . ,  specific impulse). 
program was (and is) t o  bring out any c r i t i c a l  de- 
sign problems. ' 

For example, a 10 kW system would re- 

The purpose of' the  

The 30 cm thruster. design values chosen are  
compared in  table I11 with 15 cm SERT I1 thruster  
performance values. The thruster input power of 
2.1 kW was based on an assumed solar cell output 
power of 2.5 kW and 0.85 power conditioning e f f i -  
ciency. 
thruster that w a s  fabricated is shown in  Fig. 5. 
Overall. performance t o  date has matched or exceeded 
the design values, however, development of durable 
flight-worthy components remains t o  be accomplished. 
It is significant t o  note tha t  the i n i t i a l  chamber 
s ize  was scaled direct ly  from the SEBT I1 dimen- 
sions and gave poor performance. 
chamber length by a factor of two ( t o  a length t o  
diameter r a t i o  of 0.37) has resulted in  the best 
performance t o  date. 

A photograph of one variation of the 

Reducing the 

Accelerator Grid System 

The design ion beam current is s i x  times that 
of SERT 11, while the accelerator area is only in- 
creased four times. 
design problem. 
liminary tes t .  
signed two-grid system having a 74$ open area 
screen grid (SERT I1 is  about 71$). 
using t h i s  g r i d  system had poor ion chamber perform- 
ance, 650 eV per beam ion compared t o  220 eV/ion 
for*SERT 11. 

This poses an accelerator grid 
Two designs have undergone pre- 

The first was a conventionally de- 

The thruster  

This was attributed t o  a t  least two factors. 
Because of the close g r id  spacing required t o  ob- 
t a in  a 1.5 ampere beam (1.25 mm compared with 
2.5 mm for  SERT 11), a center support was incorpor- 
ated t o  help maintain a uniform spacing over the 
30 cm span. This support projected downstream a 
f e w  centimeters and probably picked up some direct  
ion impingement. Another factor  was a change in  
the gr id  s p c i n g  t o  hole diameter r a t io  from about 
lrl t o  about 0.5:l. Ion optics undoubtedly were 
adversely affected. It should be possible t o  
eliminate both of these problems with improved de- 
signs. However, one is  s t i l l  faced with the prob- 
lems of maintaining satisfactory grid hole aline- 
ment and possible thermal warpage. 

The second approach was t o  use a single glass- 
coated grid, thus eliminating these problems. 
Single coated grids have been under investigation 
at Lewis fo r  sometime and ear ly  resul ts  with 5 cm 
thrusters axe given i n  Refs. 18 and 19. The con- 
cept is compared with a conventional two-grid system 
in Fig. 6. The insulated glass coating on the ac- 
celerator grld is believed t o  accumulate a surface 
charge from the plasma in  the discharge and take on 
a potential near plasma potent ia l  (approximately 
equal t o  the thruster net voltage). 
is  biased negatively and ions are extracted by 

The accelerator 

G 



virtue of the result ing e l ec t r i c  field.  
two-grid system, the Baectric field is established 
directlybetween the screen and accelerator grid, 
Thus the screen grid is eliminated i n  the glass- 
coated grid approach. 
eliminates grid hole alinement problems as w e l l  
as the problem of mainkining the gap between the 
grids. 

I n  the  

This, of course, a l so  

technique f o r  fabricating the  glass- 
coated grids is described i n  de ta i l  i n  R e f s .  20 
and 21. Briefly it consists of sprayipg a th in  
layer of a s lurry made up of waeer and powdered 
Corning BO52 glass onto the molybdenum grid which 
i s  made from prepunched sheet. 
furnace f i red  a t  about 1200’ K i n  a helium: 
followed-by-argon atmosphere. This background gas 
process allows helium britibles entrained in  ‘the 
glass t o  diffuse aut leaving a vir tual ly  bubble- 
free coating. 
t h i s  manner t o  obtain a f i n a l  coating of the de- 
sired thickness. 
(abotzt 0.5 rrrm maximum thickness) fo r  sustaining 
2,000 V. 
b le  of withstanding more than .%lo7 V/m i n  o i l .  

Thruster performance with the coated grid 
shown in  Fig. 5 has been excellent. 1on.chamber 
performance of aljout 180 eV/ion has been attained. 
Beam divergence characteristics; extended durabil- 
i ty ,  and flight-type mounting assemblies have not 
yet been thoroughly investigated. 
diameter coated grids have accumulated more than 
200 hr of operation with no deterioration. F e y  
have also withstood up t o  40 g’s of sinusoidal 
oscil lation in  the  drum mode a t  the resonant fre- 
quency (950 Hz). This is abaut 4 times as severe 
a t e s t  as the SFSRT I1 launch requirements. 

The grid is then 

Successive coatings are applied i n  

Five coats appear t o  be adequate 

Bench tests show such glass layers c a p -  

Smaller 5 cm 

A program using a 15 cm SERT-I1 type thruster 
is underway t o  investigate suitable mounting 
methods tha t  w i l l  minimize flexure and~prwide  
adequate support. 
s h m  i n  Fig. 7. I n  t h i s  unitized configuration 
the peripheral mounting assembly is a l so  made of 
molybdenum. 
notch in  one of the assembly rings, then‘ the other 
assembly ring is joined t o  it using the final in- 
sulating glass coating as a bonding agent. The 
grid is  being tested a t  a net voltage of 1000 V 
and with a beam current of about 375 mA. Tes ts  of 
w e r  500 hr duration have revealed no major prob- 
lems. 

One configuration under t e s t  i s  

The dished grid is mounted into a 

Hollow Cathode. - A sketch of the SEET I1 
hollow cathode t i p  (and neutralizer) i s  shown i n  
Fig. 8. Details of its performance i n  the SEET I1 
thruster are given i n  Ref. 14. T e s t s  i n  the in i -  
t i a l  30 cm thruster were conducted using a cathode 
t i p  of tws design. Tip failures occurred during 
attempts t o  obtain from 15 t o  20 A emission. 
(Emission i n  the SEIfT I1 thruster is about 1.75 A 

emission is required because the beam current is a 
factor of 6 greater i n  the 30 cmthruster. 

, and t i p  temperature is about 1@O0 9). The higher 

A program t o  reduce t i p  temperature and in- 
crease emission was starrted. Variations i n  t i p  
hole size, t i p  thickness, and number of t i p  holes 
are  being investigaeed i n  bell  jar tests. Pre- 
liminary resul ts  are  outlined i n  Fig. 9. These 
t e s t s  indicate thinner multi-hole t ips ,  or larger 
single holes, may be the direction t o  go for lower 
t i p  temperature at high emission. 

Subsequent improvement i n  overall  thruster 
design have permitted operation with a conventional 
SERT I1 cathode having an enlarged hole. 
current requirements have been reduced t o  under 
10 A. 
evaluation. 
other approaches such as the  multi-hole . t ip may 
s t i l l  be required. 
systems viewpoint, multiple cathodes are  another 
possible approach. 

Neutralizer. - Hollowccathode type neutrali-  
zers have undergone only preliminary tes t ing thus 
far i n  the 30 CM program. The similari ty between 
t h i s  type neutralizer and the hollow cathode i t s e l f  
which operates i n  the much more hosti le discharge 
chamber environment suggests that solving cathode 
design and durabili ty problems also implies a sat- 
isfactory neutralizer. 

I SEfiT I1 program. Higher’cmpling voltages might be 
required i n  the 30 cm thruster i f  the neutralizer 
is located similarly on the  periphery of the  ex- 
haust beam. If t h i s  were t o  be a serious problem, 
one solution might be t o  locate the neutralizer on 
the thruster axis as suggested in  Ref. 22. The 
neutralizer propellant feed l i n e  and e lec t r ica l  
lead might be incorporated into the grid st iffening 
structure using the glass coating techniques 
des crib ed previously. 

Emission 

This is satisfactory fo r  overall  thruster 
However, .from the durabili ty view-point 

Although less  desirable from a 

’ 

This was t rue  in  the 

Other components investigations have not 
progressed t o  the point where generalizations can 
be made. Feed system propellant isolators have not 
been tested for the 30 cm t u t e r .  Designs of the 
type developed by NakanishiB3y may prove adequate. 
(Fig. 10 is an i l lustrat ion of the abest isolator de- 
sign reported on i n  Ref. 23.) Also remaining t o  
be investigated and optimized i s  the thruster 
performance during propellant thrott l ing.  Propel- 
l an t  throt t l ing by about a factor of two may be 
required fo r  applications t o  the outer planets be- 
cduse of the reduction in  available solar power a t  
these distances. O f  course, the actual throt t l ing 
range required fo r  a given mission would be a 
function of the number of thruster modules on board 
the spacecraft. 

, 

1 S a t e l l i t e  Raising Application 

A dramatic i l lustrat ion of the potent ia l i t ies  
of eff ic ient  low specific impulse thruste s has 
been demonstrated i n  ‘an analysis by HrachT2). 
his  analysis, the highlights of which a re  noted 
here, he compared the payload capabilities.of 
30 cm vs. 15 cm (SERT I1 size)  thrusters for  a 
Synchronous Equatorial Satel l i te  Mission assuming 
an SLV-3X/cENTAuR-S booster plus e l ec t r i c  stage 
with 25 kW electr ic  power available. (The power- 
plant is included in  the payload.) 
stage parameters are given i n  table N and the re- 
sult ing payload capabili t ies vs. propulsion times 
are compared in  table V. 
propulsion times are significantly reduced by more 
than 50% with less  than 15% reduction in  payload 
capability. 
b i l i t y  comes about because of additional propellant 
requirements a t  the lower specific impulse. 

I 
In 

’ 

The electr ic  

With the larger thruster, 

The small reduction in payload capa- 

5 CM Thruster 

A ERevious study(l9) established the basic 
possibil i ty of small low voltage bombardment 
thrusters (.less than 500 V net) .  Such thrusters 
are  a t t ract ive in  applications such as s ta t ion 
keeping that require less  than 1 mlb thrust. The 
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. .  
small, low voltage t&ters should permit simpli- 
fications arid reductions i n  mass of other system 
components, particularly power conditioning. In  
the previous program, the main e f fo r t  was directed 
a t  investigating accelerator grids and at least  
two promising designs evolved. Continued e f fo r t  
on developing glass-coated grid technology has led 
t o  the single-grid concepts described previously 
herein. , 

Investigations i n  the present program are. 
directed at thruster optimization using cathode 
technology developed i n  the SERT I1 program. 
Table V I  lists the present design goals. 
values are somewhat arbitrary, but a r e  also con- 
servative, requiring only modest improvements i n  
present aay technology t o  be reallzed. 
program is aimed at optimizing the propellant 
introduction mode i n  conjunction with scaling of 
the SEW I1 hollow cathode and related hardware. 

The 

The current 

the rotatable sleeve on the right. 
covered with a fine mesh tantalum screen, the ob- 
ject  b e i n g t o  contain the plasma i n  the cathode 
while at the same time allowing neutral mercury 
atoms t o  escape through-the s lots ,  
showed an increase in  propellant UtiAization t o  
SO$. 

Slots are 

I n i t i a l  t e s t s  

&gure li is a photograph of an experimental 
thruster showing the hollow cathode mounted i n  a 
mica backplate. This arrangement enables visual 
observation of the discharge i n  the pole piece 
region of the chamber. The view i n  Fig. 11 is 
through a glass b e l l  j a r  mounted t o  a vacuum faci l -  
i ty.  The thruster operates t h r o w  a 1 2  in. valve 
into the faci l i ty .  In  the SERT I1 thruster about 
20$ of the propellant i s  introduced into the dis- 
charge chamber through the cathode, the remainder 
being introduced through holes in  a distributor 
backplate via a manifold (see Fig. 2) .  Forthe 5 cm 
thruster, the t o t a l  propellant f low requirements 
are about equal t o  the flow through the SERT I1 
type cathode. 
simply used a SERT 11 type cathode in  the smaller 
thruster with no other means of propellant jntro- 
duction. Obviously t h i s  would be a highly desir- 
able mode of operation since feed system design is 
greatly simplified. 
ated with t h i s  design, performance was poor, 
particularly with respect t o  propellant uti l lzation. 
Several innovations have improved performance, 
among these are an enclosed cathode t i p  ( s i m i l a r  t o  
the enclosed neutnalizer reported i n  Ref .  15) and 
a s lot ted cathode pole piece. 
t i o s  of about 220 Wfmlb have been obtained. 

For t h i s  reason i n i t i a l  designs 

Although the thruster oper- 

Power t o  thrust ra- 

Hollow Cathode and Pole Piece 

Performance of the enclosed cathode and the 
conventional open cathode are compared in  Fig. 12. 
Flotted is keeper voltage as  a function of neutral 
flow through the cathode for  a keeper current of 
0.5 A. It is evident that not only does the en- 
closed cathode permit lower keeper voltages, it 
also extends the cathode operating range t o  flows 
less  than:15 mA equivalent neutral f low.  In  t e s t s  
of 1 t o  2 hr duration, thermal s t a b i l i t y  has been 
good with no external heat required a f t e r  start-up. 

With the hollow cathode and a conventional 
cathode pole piece and baffle, ion chamber perform- 
ance improved by a factor of three when a glass- 
coated grid was used instead of the conventional 
two-grid system. P r o p e h t  uti l ization, however, 
could not be increased above 49 percent, a value 
well below SE!RT I1 performance and well below the 
85 percent previously obtained with a thermionic 
cathode.. Because of the differences i n  propellant 
introduction modes mentioned above, pole piece 
variations were investigated. Figure 13 is a 
photograph of a variable slotted pole piece showing 

Magnetic Field Effects 

The present experimental thmster uses an ’ 

electromagnet (see Fig. 11) which is adequate for 
obtaining performance of the components investi- 
gated, but which l i m i t s  the  range of magnetic f i e l d  
shapes available fo r  overall optimization of the * 

discharge chamber, To overcome t h i s  difficulty,  a 
thruster has been fabricated with a variable geom- 
etry. 
it also has 8 longitudinal mild s t e e l  bars indi- 
vidually wound with solenoid coils t o  permit vari- 
ation i n  magnetic f i e ld  shape and intensity. 
though speculative, it is expected that, as was 
found i n  the SERT I1 program, significant improve- 
ments i n  ion chamber performance w i l l  be obtained 
when the magnetic f i e l d  conf iwa t ion  is optimized. 

Thnlst Vectoring 

In  addition t o  a variable ion chamber length, 

A l -  

Thrust vectoring capabilities remain t o  be 
demonstrated. 
the most s t ra ight  forward approach, several a l t e r -  
natives may be possible that  would require no 
moving parts. For e;xample, a variation of a method 
suggested by Harold R.  Kaufman of the Lewis 
Research Center is i l lustrated i n  Fig.’ 14. The 
accelerator consists of paral le l  glass-coated metal- 
l i c  rods.  Alternate rods are hooked up i n  common 
electrically.  All rods operate a t  an appropriate 
overall negative bias, but pairs of rods are capable 
of  being biased with respect t o  each other thus re-  
sulting i n  a vectored exhaust beam. 
grid of t h i s  type i s  presently underway using the 
d ig i t a l  computer method described i n  Ref. 24. . 

Although mechanical methods may be 

Design of a 

150 CM Thruster 

The 150 cm thruster is designed fo r  power levels 
i n  excess of 100 kW, which places its potential 
applications in the category of primary propulsion 
for  large space vehicles, probably using nuclear- 
e lectr ic  power conversion systems. 
gations of thrusters of t h i s  size are exploratory 
i n  nature, aimed primarily a t  seeking general in- 
formation on scaling effects and identifying major 
component problem areas. 

Present investi- 

A br ief  discussion of t h i s  program is included 
herein mainly fo r  completeness since no additional 
data has been obtained beyond that  reported i n  
Ref. 25. This i s  partlybecause the f a c i l i t y  was i n  
use for  higher pr ior i ty  programs and partly because 
a major redesign of the thruster was undertaken. 

A representative cutaway view of the thruster 
is shown in Fig. 15. Propellant flows from a 
distributor manifold into the ion chamber via 
perforated radial  channels located on the chamber 
rear wall. Ten cathodes are equally spaced on the 
rear wall and the i r  radial  positions may be varied. 
The ion chamber L/D (length t o  diameter r a t io )  is 
0.15 and a c’onventional two-grid accelerator system 
is used with the exception that  it is  s l ight ly  
dished and spacers are used t o  help maintain uniform 
grid spacing. Additional detai ls  are given in 
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Eef. 25. P6rformance highlights reported therein 
are l i s t ed  i n  table VII. Ion chamber perfomnce 
was poor 1900 eV/ion). 

An analysis of the chamber performance, when 
compared with that of smaller thrusters, strongly 
indicated tha t  the Chruster LID was too small. 
(As pointed out i n  Ref. 26, large LID'S may en- 
hance w a l l  recombination, losses .and short L/D*s 
may enhance direct  throughput losses.) - A s  a re- 
sult of the analysis, a thruster with-an LID of 
0.30 has been designed and is presently being 
fabricated. 
design of the magnetic f i e ld  windings and the in- 
clusion of pole pieces t o  enable divergent magnetic 
f ie lds  t o  be applied. A drawing'of a section of 
the thruster showing these modifications is pre- 
sented i n  Fig. 16. 

Another mador modification is  the re- 

. Supporting Research 
/ 

The energy required in  the discharge chamber 
t o  produce a beam ion is about 200 eV/ion in  pres- 
ent day optimized thrusters. 
factor of 2 t o  3 improvement over the past year or 
so. High percentage open area grids and aivergent 
magnetic f ie lds  are the two major factors contribu- 
t i ng  t o  these gains. 
w i l l  be made in  the future, although an increasing 
degree of sophistication maybe required t o  realize 
these gains. 
ently under investigation i s  intended t o  offer 
some additional insight into basic limitations i n  
the discharge chamber. 
tron transport process across the discharge from 
the cathode t o  the anode is being investigated. 

This represents a 

No doubt additional gains 

A s  an example, one approach pres- 

In t h i s  program, the elec- 

Experimentally observed anomalies associated 
with the electron transport process include the on- 
set of "noise" and a change in  slope of the ion 
production cost curve as the magnetic f i e l d  i a  
increased beyond a certain value. 
study motivated by these observations is reported 
i n  Ref. 27. It includes the calculation,of the 
c r i t i c a l  f i e ld  for  the onset of a p r t i c u l a r  type 
of instabil i ty,  and the effect  of this instabi l i ty  
or plasma oscil lation on the ion chamber perform- 
ance. Similar anomalous diff'usion has been widely 
observed in  plasma containment experiments. Some 
confirmation, of the theoretical  predictions has 
been obtained by Cohen(28). 

A theoretical  

From these theoretical  ideas, a thruster dis- 
charge chamber was designed which should avoid or 
at least  delay the onset of t h i s  anomalous diffu- 
sion. As shown i n  Figs. 17(a) and (b), t h i s  
thruster uses two magnetic f i e l d  windings. 
gives a uniform longikzfiinal magnetic field,  the 
other is wound in  a so-called "Ioffe" or quadru- 
pole configuration, that is, the windings are 
parallel  t o  the axis of the chamber over a portion 
of the periphery. (For simplicity, a uniform f i e l d  
is used instead of a divergent f ie ld . )  This com- 
bination has been found t o  be effective i n  elimina- 
t i ng  the f l u t e  instabi l i ty  i n  magnetic-bottle ex- 
periments in  the thermckuclear fusion field(29). 
The segmented anode Shawn in  Fig. 17(b) is arranged 
t o  minimize intercefiion of the Ioffe magnetic 
f i e l d  l ines which are circumferential about each 
set of longitudinal windings. These l ines  could 
carry electrons t o  the anode. 

One 

instabi l i t ies ,  but the result ing gains i n  perform- 
a c e  appear t o  be more than offset  by the addi- 
t ional  magnet parer required. Permanent magnet 
designs f o r  the combined f i e l d  might be complex and 
costly. Additional tes t ing t o  seek simpler, more 
epfective configurations i s  indicated before con- 
sideration of permnent magnet designs. 

Program Summary 

The status of the various thruster programs 
can be conveniently summarized and discussed within 
the framework of a thruster efficiency vs. specific 
impulse piat  as sham in Fig. 18. Shawn for  com- . 
parison are data points from the thrusters, two 
performance curves from Ref. 30, and an "ideal" 
curve i n  which a l l  system losses (including un- 
ionized propellant) are assumed equal t o  200 
eV/beam ion. The curves from Ref. 30 represent 
present and future performance predictions (as  of: 
June 1967) fo r  1kW and 2 t o  3 kW size thrusters, 
respectively. All symbols represent data points, 
except fo r  the 5 cm point which is a design value. 
The solid symbol is  a SERT I1 prototype thruster 
system data point and includes a l l  inputs charge- 
able t o  the thruster system. In short, it is the 
most complete "state-of-the-art" thruster system 
point. 

The 150 cm data point f a l l s  f a r  below the 
ideal c m e ,  showing that further improvement may 
be expected i n  that program. 
ments up t o  the level of the ideal curve may be 
d i f f i cu l t  t o  attain.  
seems t o  be a reasonable interim goal for t h i s  s ize  
thruster, particularly at lower specific impulses. 

Performance improve- 

The 1 kW curve*level, however, 

The 5 cm design goal is conservative, f a l l i ng  
on an extension of the < 1  kW curve. Performance i n  
excess of 15% efficiency has been obtained with 
non-optimized thrusters. 
t h i s  size thruster i s  the power-to-thrust r a t io  and 
thrust  vectoring capability. 
thrust  of 220 W/mlb have been obtained, putting t h i s  
thruster w e l l  within the present range of interest .  
Thrust vectoring capability remains t o  be demon- 
strated. 

Of more significance t o  

Values of p6wer-to- 

As mentioned ear l ier ,  a 15 cm SERT I1 type 
thruster is being used t o  evaluate prospective 
glass-coated accelerator grid designs fo r  the 30 cm 
program. The data point on Fig. 18 is of interest ,  
though, both because it demonstrates the val idi ty  
of the 1kW curve and because it provides a compari- 
son point for the 30 cm data. 

The 30 cm thruster data points i l l u s t r a t e  the 
important point that  certain losses are fixed, or a t  
l ea s t  do not scale directly with size and parer 
level. The data points shown exceed the future pre- 
dicted curve of Ref. 30. These data should be 
viewed conservatively since long l i f e  has not been 
demonstrated. 
Laboratory with 2 0  cm thrusters have also matched 
o r  exceeded t h i s  curve(311.) The Lewis thrusters 
are not optimized for maximum efficiency. 
zation would lead t o  further improvement which might 
compensate fo r  the effects of including any charges 
required t o  a t t a in  long l i f e .  In view of this ,  it 
seems reasonable t o  regard the 1967 trfUtureft curve 
of R e f .  30 as the 1968 "presentTcunre for  thruster 
systems of the 2 t o  3 kW level. 

(Data taken a t  the Je t  Propulsion 

Optimi- 

I n i t i a l  t e s t s  have indicated that the config- 
uration is successful i n  suppressing some of the These large improvements over a short period 
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of time could justie a prediction that, for t m -  
ter systems of 2 to 3 kW, the performance levels 
represented by the ttidealtt curve may be achieved 
withb a few years--say by 1972. In the context of 
the needs indicated in table I, bombardment thrus- 
ters capable of: fulfilling a wide variety of appli- 
cations are rapidly becoming available. 
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Power ~ e v e l  Specific 1-e &rwter 

1 A.U.), sec Range. 
Range (at . Range, EffficienW Mission Class 

kW 

1900 - 5000 0.40 - 0.70 
1 

F o -  m , n  
Geomagnetic Tail 2 - 3  
Satellite Raising 7 - 25 

WNW PLANEIS. 3 - 10 4000 - 5000 a 6 0  - -70 
(Nars orbiter, Solar monitor, 
Solar probe) 

(Jupiter flyby, Grand tow) 

(Asteroid belt, Out of ecliptic, 
Comet probe) 

OUTER m s  10 - 17 3000 - 4500 -60 - -70 

OTHER 2 - 3.5 4000 - 5000 .57 - .67 

OWER: 
Main Vaporizer (2.1 gm/hr, or 0.284 A flow) 

Cathode 
Heater, 15 W 
Keeper, 3 W (10 V, 0.3 A) 
Isolator heater, ' 6 W 

Reference 

1, 2, 3, 4 

5, 6, 7, 8 

6, 8, 9, 10, 11 

4,12 

Discharge (36 V) 

Accelerator (-2000 V) 

Neutralizer (0.012 A flow) 

220 eV/ion at 88% utilization 

Vaporizer, 4 W 
Tip heater, 15 W 
Keeper, (22 V) 4 W 
Coupling (E V) 4 W 

Ion Beam (0.25 A) 

Overall power efficiency, percent 

Overall propellant efficiency, percent 

Thruster efficiency 

m s t  (calcubted) 

Effective specific impulse 

 ass of thruster system (exclude gimbals and propellant: 

Mass of thruster and neutralizer only 

TABLE 11. - SEm I1 THRUSTER SYSTEM PERFOXMANCE. 
7 

7 w  

24 W 

55 w 
4 w  

127 w 

750 W 

86 

85 

73 

6.2 mlb 
(27.6 mN) 
4650 sec 

8 k@; 

3 kb.? 



. .  
I 

Parameter ’ 
30 cm S m T a  
Design Performance 

Input parer, lrhT 
Net voltage, V 

Overall efficiency, percent 

Beam current, A 
Utilization efficiency, percent 

Thrust . 

Effective specific impulse, sec 

Parameter 

2.1 0.87 

1.5 0.25 
1000 . 3000 

85 85 
60 73 
22 mlb 6.2 mlb 
(98 mN) (27.6 mN) 
2750 4650 

Thruster efficiency*, percent 
Specific impulse, sec 
Thruster and tankage mass, Icg 
Other system mass, Q 
Number of thrusters 

Initial circular 
orbit, 
n. mi. 

1000 
2000 
4000 
8000 

Thruster size 

W cm 30 cm 

Propulsion Grass Propulsion Grass 
time, payload, time, payload, 
days kg kYS ‘kg 

400 3760 178 3220 
288 2980 127 2 630 
180 2080 78 1920 
100 1340 46 1270 

)Includes parer conditioning efficiency of 88%. 

TABLE IV. - ELECTRIC STAa PARAMEfpER OMPARISON 
FOR A SYNCHRONOUS SATELLITE RAISING MISSION, 

SLV-3X/C!WIlUR-S BOOS 

b 

Input power, kW 

Beam current, A 
Utilization efficiency, percent 
Overall efficiency, percent 
Thrust 

Effective specific impulse, sec 

Net voltage, V 

Input parer, W 
Net voltage, V 
Beam current, mA 
Utilization efficiency, percent 
Overall efficiency, percent 
Thrust 

Effective specific impulse, sec 
Power to thrust ratio, W/mlb 

0.3 mlb 
(1.33 mN) 
1700 
180 

TABLE VI. - 5 CM THRUSTER DESIGN VALUES 

130 
8900 
16 
87 
70 

3 0.5 lb  
(2.22 N) 
8200 

WLE VII. - 150 CM TIBUSTER PERFOWANCE VALUES 
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Figure 1. - Artist's drawing of SERT I1 spacecraft and solar-cell array in orbit. 



Figure 3. - Powered-iron magnetic-field map of t h e  SERT I1 
th rus ter  (Ref. 13). 
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Figure 9. - Operating tip temperatures for various cathodes at 10 amperes 
e ,n i ss ion. 
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Figure 10. - Sketch of mercury propellant feed isolator (Ref 23). 
Min imun breakdown voltage, 4 400 v, for mercury flows u p  to 
100 mA equivalent current. Maximum steady state leakage 
current  0.02 mA at 5 000 v. 



Figure 11. - Experimental 5 cm hollow-cathode t h r u s t e r  in operation. 
Viewed t h r o u g h  glass bell jar. 
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Figure 12. - Performance comparison of two hollow-cathode 
types operating in 5 cm thrus ter .  Keeper current ,  0.5 A. 
M a i n  discharge off. 
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Figure 15. - Cutaway view of 1.5 meter diameter Kaufman thruster. 

Figure 16. - Section view of 150 em th rus ter  showing recent modikcations 
(dashed lines). 



(a) Accelerator grids in place. 

(b) Accelerator removed showing segmented anode. 

Figure 17. -20 cm combined-field thruster. 



Power, Size, 
kw cm 

0 .05 5 (design) 

H .90 15 (SERT 11) 
.60 15 

1-2.0 30 
-4- 130.0 150 

200 eVI ion --.I- 

+ c 
W .- 
L 

Future, 
c d 2-3 kw 
I- . 2  

I I I I I 1 
0 2000 4000 6000 8000 10 000 

Effective specific impulse, sec 

Figure 18. - Comparison of various cu r ren t  Lewis bom- 
bardment thrusters. Present and fu tu re  curves 
from reference 30. Open symbols for thrusters  
us ing glass-coated accelerator. 
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